Since the demonstration of the first multi-layer organic light-emitting diodes (OLEDs) in 1987 by Kodak\'s Tang and Vanslyke[@b1], they have attracted tremendous interest due to potential advantages in many applications - for example, displays and lighting. In 1990, Friend *et al.* first introduced the use of a conjugated polymer poly(phenylene-vinylene) (PPV) to produce solution-processed OLEDs[@b2]. Since then, an explosion of progress has occurred in new processes for manufacture and synthesis of new organic electroluminescent materials. As a result, impressive scientific and technological advances have been achieved, and numerous products have been commercialized.

To date, most OLEDs with small-molecule materials have been fabricated by vacuum deposition, which is easier for building multiple-layer devices and generally more efficient. By contrast, polymer OLEDs are usually built by solution processes, such as spin-coating[@b3][@b4], ink-jet printing[@b5], screen printing[@b6], blade coating[@b7], or dip-coating[@b8], which enable much cost-effective device manufacture are more suitable for flexible electronic applications[@b9]. However, it is a challenge to prepare solution-processed OLEDs in multilayer structures due to interface mixing of the different organic layers. In the past decade, although tremendous progress has been made in solution-processed OLEDs, the top electrode has still been mostly fabricated by vacuum deposition. As a consequence, developing solution-processed electrode materials is critical for realizing fully solution-processed OLEDs. Recently, fully printable light-emitting devices have been successfully demonstrated by printing conducting Ag-paste cathodes on top of organic layers[@b10]. On the other hand, polymer light-emitting electrochemical cells (PLECs) with single-walled carbon nanotube (SWNT) as both anode and cathode have been realized as all-solution-processed light-emitting devices without vacuum deposition[@b11]. Since low or high work function electrodes are not required for PLECs[@b12], many solution-processed conducting materials, such as Ag paste[@b13], silver nanowires (AgNWs)[@b14], and graphene films[@b15], have been applied to achieve fully solution-processed light-emitting devices. Compared with polymer OLEDs, PLECs have relatively low turn-on voltages and elastic selectivity of electrodes. However, some serious disadvantages of PLECs need to be overcome, such as slow response time and short operating lifetimes[@b16][@b17].

In this paper, we demonstrate a method of fabricating an all-solution-processed transparent OLED with graphene film as the top cathode without any vacuum deposition process. In previous reports[@b18], we have revealed a polymer-free graphene transfer process that enables direct CVD-grown graphene to be transferred from copper to any substrate. Here, this transfer process is employed to enable layer-by-layer transfers of multiple stacked graphene layers with n-type doping. These n-type doped graphene films are incorporated on solution-processed organic layers as a transparent cathode, and fully solution-processed blue-light transparent polymer OLEDs are thus achieved.

Results
=======

The work function of pristine graphene film is around 4.4 eV[@b19], which is too high to reduce the energy barrier of electron injection from the cathode to the organic layers in devices. In order to be used as an effective cathode, the graphene layer is n-type doped during the transfer process to modify the work function. In the last step of transfer, a few drops of CsF or Cs2CO3 solvent are added into the mixture of DI water and IPA solvent before the landing of the graphene film to form n-type doped graphene on the devices, and the concentration of n-type dopant is about 3.3 × 10^−3^ M. Photoemission spectrum experiments are carried out to examine the n-type doping effect on the graphene films. [Fig. 1a](#f1){ref-type="fig"} and [b](#f1){ref-type="fig"} show the results of ultraviolet photoemission spectroscopy (UPS) measurement of pristine monolayer graphene and monolayer graphene doped with CsF or Cs2CO3 on an SiO2 substrate. As shown in [Fig. 1a](#f1){ref-type="fig"}, the cut-off binding energy of pristine graphene is 36.6 eV, and the work function is 4.2 eV, which is too high for a good candidate of a cathode in organic devices. With CsF or Cs2CO3 doping, the cut-off binding energy shifts about 1 eV to higher binding energy, and the same trend can be found in the valance band near the Fermi level (E~F~). As listed in [Table 1](#t1){ref-type="table"}, the work function can be reduced to 3.2 eV or 3.3 eV with CsF or Cs2CO3 doping using this transfer/doping process.

Moreover, to examine the stability of the n-type doping effect, the graphene samples were kept in the glove box for 2 months. As shown in [Table 1](#t1){ref-type="table"}, the work functions of both pristine graphene and n-type doped graphene are almost the same as the initial conditions. This reveals that the n-type doping effect is very stable with this method.

On the other hand, [Fig. 1c](#f1){ref-type="fig"} shows the X-ray photoemission spectroscopy (XPS) spectra of the C 1s core level of pristine as well as CsF- or Cs2CO3-doped graphene. As revealed by the XPS results, the C 1s peak is shifted to higher binding energy from 284.3 eV to 285.1 eV and 285.0 eV by doping with CsF and Cs2CO3, respectively. This supports the assumption that the electron transfer between the graphene and CsF or Cs2CO3 leads to n-type doping of graphene films. On the other hand, the Cs core-level signal is also observed in the n-type doped graphene samples with atomic concentrations of Cs of 4.5% and 4% for CsF- and Cs2CO3-doped graphene, respectively.

To enhance the electrical properties of graphene as applied in organic devices, we increase the number of graphene layers. Moreover, to maintain the lower work function properties, graphene is n-doped during every transfer process. As shown in [Fig. 2a](#f2){ref-type="fig"}, Cs atoms are intercalated between every graphene layer to form n-type doped multilayer graphene films. The sheet resistance and transmittance with varying numbers of graphene layers on glass are investigated as shown in [Fig. 2b](#f2){ref-type="fig"}. The transmittances at a wavelength of 500 nm of one-, two-, three- and four-layer pristine graphene samples are 96.8%, 93.9%, 91.2%, and 88.6%, respectively. At the same time, the sheet resistance values of one- to four-layer pristine graphene films are 1892, 666, 484, and 270 ω/sq, respectively. As the number of layers increases, the transmittance and sheet resistance decrease. The optical transmittance of graphene films is reduced by around 2.2--2.3% for each additional layer, and the overall conductivity of the graphene films increases as the number of stacked layer increase[@b20][@b21]. On the other hand, the transmittances of one- to four-layer CsF-doped graphene films are 95.4, 93.6, 89.9, and 84.9%, respectively. It is noted that the transmittance drops to 84.9% with a four-layer CsF-doped graphene film, a value similar to that reported for multilayer graphene doped with 2,3,5,6-Terafluoro-7,7,8,8-teracyanoquinodimethane (F4-TCNQ)[@b22]. The sheet resistances of one- to four-layer CsF-doped graphene films are 2515, 770, 290, and 118 ω/sq, respectively. The sheet resistance of CsF-doped monolayer graphene is higher than that of pristine monolayer graphene because a multilayer graphene structure is needed to form layer-by-layer intercalations of graphene and Cs atoms for effective doping. Therefore, conductivity is distinctly enhanced with increasing numbers of graphene layers.

After demonstration of the capacity of n-type doped graphene as a cathode, the CsF-doped multilayer graphene films are used as the top cathode in solution-processed multilayer OLEDs. To begin with, the transmittance of the device is investigated. As shown in [Fig. 3](#f3){ref-type="fig"}, the transmittance of ITO/glass is about 90% in the region of visible light. After the deposition of organic layers, including 1,4,5,8,9,11-hexaazatriphenylene hexacarbonitrile (HAT-CN), thermally polymerized 2,7-disubstituted fluorene-based triaryldiamine (VB-FNPD), an emitting layer, and poly\[(9,9-bis(30-(N,N-dimethylamino)propyl)-2,7-fluorene)alt-2,7-(9,9-dioctylfluorene)\] (PFN), the transmittance is around 90%, which is almost no reduction from the ITO/glass substrate. Although there is an obvious drop of transmittance after the deposition of multilayer graphene on top of the organic layers, the transmittance remains around 75% in the region of visible light.

[Fig. 4a](#f4){ref-type="fig"} shows the device structure of fully solution-processed transparent organic blue-light-emitting devices with CsF-doped graphene layers as the top cathode: ITO/HAT-CN/VB-FNPD/poly(N-vinylcarbazole)(PVK):bis(4′,6′-difluorophenylpyri-dinato) iridium(III) picolinate(Firpic) (10 wt%)/PFN:CsF/Graphene:CsF. As described in the Methods section,graphene films are transferred onto the top of organic layers with a polymer-free method. These organic films need to be immersed in DI water during the graphene transfer process. Consequently, HAT-CN is chosen here as the HIL to replace commonly-used PEDOT:PSS, which would dissolve in DI water. It has been reported that HAT-CN has a more stable interface[@b23][@b24] and only dissolves in acetone[@b25]; therefore, HAT-CN is the better HIL here to withstand immersion in DI water. In addition, the cross-linkable derivative of NPD, VB-FNPD, is used here as HTL which displays remarkable ambient stability[@b26][@b27]. Moreover, the alignment of electronic energy levels at HAT-CN/VB-FNPD reveals that the interface between HAT-CN and VB-FNPD layers can be assumed as ohmic contact, which improves hole injection[@b25]. Before the deposition of multilayer graphene as cathode, the PFN is used as an EIL to prevent exciton quenching at the interface between the emitting layer and graphene cathode[@b28][@b29]. The mixture of methanol solution and water is used for PFN to increase the brightness[@b30].

To reveal the n-type doping effect of graphene in electron injection from the cathode, pristine multilayer graphene and CsF-doped multilayer graphene are applied to OLED devices as top cathodes. The current density to voltage (J-V) of the devices is shown in [Fig. 4b](#f4){ref-type="fig"}. Compared with pristine graphene as cathode, the current density with CsF-doped graphene as cathode is noticeably enhanced. This enhancement is directly related to the lower work function of graphene with n-type doping, and it can be explained by the inset in [Fig. 4b](#f4){ref-type="fig"}. The injection barrier of electrons from the cathode is reduced with CsF-doped graphene (3.2 eV), and more electrons can be injected from graphene into the organic layer to increase current density. This enhancement is consistent with the previous UPS results.

The current density-voltage-luminance (J-V-L) characteristics and efficiencies of the all-solution blue-light OLEDs fabricated with CsF-doped multilayer graphene as the top cathode are shown in [Fig. 4c](#f4){ref-type="fig"} and [4d](#f4){ref-type="fig"}. The maximum brightness of this transparent OLED is 1034 cd/m^2^ at 13 V, and the maximum current efficiency is 3.1 cd/A at 8.3 mA/cm^2^. Compared with the typical device with thermally deposited Al as the top cathode, OLEDs with graphene as the top cathode show poorer performance. This can be attributed to poorer contact between the organic layer and the graphene film cathode, resulting in fewer electrons from cathode to organic layer.

The electroluminescence (EL) spectra of the blue-light transparent OLEDs on the graphene cathode side are shown in the inset of [Fig. 4d](#f4){ref-type="fig"}, and the maximum emission wavelength of the blue-light OLEDs is 477 nm, which is consistent with reported spectra[@b31]. [Fig. 5a](#f5){ref-type="fig"} and [5b](#f5){ref-type="fig"} present photographs of the transparent blue-light device before and during operation. The inset in [Fig. 5b](#f5){ref-type="fig"} shows a photograph of a working blue-light transparent OLED in front of a mirror, which shows emission from both surfaces. Although the efficiency and brightness of this transparent device may be lower than other reported devices, we demonstrate an approach to realize fully solution-processed transparent OLEDs without vacuum deposition.

To be a good candidate as a cathode in an organic device, graphene should be n-type doped to reduce the electron injection barriers from cathode to organic layers. A new polymer-free transfer method has been demonstrated to be an efficient way to modify the work function and sheet resistance of graphene, and n-type doped multilayer graphene films obtained using this method can be used as cathodes in OLEDs. Moreover, we have provided a way to produce a transparent OLED with truly all-solution processes, including multilayer graphene as the top electrode. A fully solution-processed transparent blue-light multilayered OLED with n-doped graphene layers used as the top cathode has been produced without any vacuum process. Although the efficiency and brightness of this transparent device may be lower due to the poorer contact between the organic layer and the graphene film cathode. With this transfer method, graphene electrodes can be used in a wide variety of organic optoelectronics with more efficient doping and simple transfer techniques.

Methods
=======

Graphene transfer and doping
----------------------------

Single-layer graphene films were synthesized on copper foils by thermal CVD. To form multilayer graphene films, each graphene monolayer was transferred, with or without n-type doping, onto other graphene films. The process of preparation of multilayer graphene films was as follows: A clean Petri dish was filled with 0.1 M ammonium persulphate solution ((NH~4~)~2~S~2~O~8~) as etchant, and a thin graphite holder with a diameter of 2 cm was then carefully placed at the etchant air boundary, serving as a confinement area for the graphene monolayer on a copper substrate and preventing it from attaching to the edge of the holder. After the copper was etched, the monolayer graphene film was floating on the surface of the solution and the etchant was replaced by a mixture of DI water and IPA solution. After the etchant was totally replaced by the water and IPA, the substrate was placed just below the floating graphene in the solution. The solution was then pulled out with a syringe to lower the graphene onto the substrate. For the n-type doping graphene, a few drops of n-type dopant (CsF or Cs2CO3) were added to the mixture before the extraction of solution. After landing on the substrate, the sample was then heated at 60°C in nitrogen for 10 min to dry the graphene sheets. More details of the experimental setup for the preparation of multilayer graphene films which can be applied to any substrate can be found in our previous report.

Photoemission spectroscopy (PES) measurements
---------------------------------------------

Pristine or doped monolayer graphene film was transferred onto SiO~2~ substrates for photoemission experiments, and monolayer/multilayer graphene films were transferred onto SiO~2~ or glass for sheet resistance or transmission measurements. Photoemission experiments were carried out by ultraviolet photoemission spectroscopy (UPS) and X-ray photoemission spectroscopy (XPS) in an ultra-high vacuum (UHV) chamber with a base pressure of 10^−10^ torr. The photon energies of UPS were 21.2 eV and 40.8 eV for He I and He II respectively, and the resolution was around 0.15 eV.

Organic film growth and device fabrication
------------------------------------------

The solution-processed blue Ph-OLEDs were fabricated based on a phosphorescent emission layer (EML) doped with a blue triplet emitter. These Ph-OLEDs were fabricated on ITO-coated glass substrates with a sheet resistance of 15ω/square. The ITO substrate was UV-ozone treated before fabrication of the device, and the structure of the device was ITO/HAT-CN/VB-FNPD/PVK:Firpic:OXD-7/PFN/n-type doped graphene. A solution of 1,4,5,8,9,11-hexaazatriphenylene hexacarbonitrile (HAT-CN) (3 mg/ml) was prepared with 2-propanone (acetone) as the solvent, and the solution was spin-coated onto the substrates to form about 5 nm as the hole injection layer (HIL). A thermally polymerized 2,7-disubstituted fluorene-based triaryldiamine (VB-FNPD) was dissolved in chlorobenzene (10 mg/ml) and was spin-coated onto the HAT-CN surface to form a cross-linked hole transport layer (HTL). After that, the blue-light emission layers (EMLs), which consisted of a mixture of poly(N-vinylcarbazole) (PVK), and bis(4′,6′-difluorophenylpyri-dinato) iridium(III) picolinate (FIrpic), were spin-coated onto the VB-FNPD layer from the chlorobenzene solution with a ratio of 9:1, and annealed at 90°C for 30 min to remove the residual solvent. The alcohol/water-soluble polymer, poly\[(9,9-bis(30-(N,N-dimethylamino)propyl)-2,7- fluorene)alt-2,7-(9,9-dioctylfluorene)\] (PFN) was incorporated as an electron-injection layer on top of the emitting layer by spin-coating. The PFN solution was first prepared by dissolving PFN in methanol (4 mg/ml). Second, the PFN solution was mixed with water with a volume ratio of 3:1. The mixed solvent was blended with a 0.1% CsF solution at a volume ratio of 8:1, and finally, the blended solution was spin-coated onto the emitting layer to form a 30 nm-thick film. After deposition of the PFN layer, the n-type doping multilayer graphene was transferred onto the PFN layer as the top cathode. After the landing of the multilayer graphene, the OLED was annealed at 80°C for 20 min. All the organic layers were deposited in a glove box except the PFN layer.

Device characterization
-----------------------

After fabrication of the device, the current density-voltage-luminance (*J-V-L*) measurement was carried out immediately in the atmosphere. The *J-V* and *L-V* characteristics were simultaneously analyzed by a Keithley 2400 and by photodiodes. The electroluminescence (EL) spectrum was recorded with PR-650 Spectra Colorimeter. The transmittances were measured by V-670 UV-Vis-NIR Spectrophotometer (Jasco *Inc*.).All measurements were performed at room temperature in ambient air.
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![UPS and XPS spectrum of pristine or n-type doped monolayer graphene on SiO~2~.\
(a) The cut off and (b) valance band spectra of pristine, Cs~2~CO~3~-doped, and CsF-doped monolayer graphene. (c) The XPS spectra of C 1s peak of pristine, Cs~2~CO~3~-doped, and CsF-doped monolayer graphene.](srep09693-f1){#f1}

![The schematic illustration and characteristics of n-type doped graphene films.\
(a) The schematic illustration of CsF-doped graphene multilayer. (b) Sheet resistance and transmittance at 500 nm of pristine () and CsF-doped () graphene with number of layers.](srep09693-f2){#f2}

![The transmittance of glass/ITO, glass/ITO/four organic layers, and glass/ITO/four organic layers/4-layer graphene:CsF.](srep09693-f3){#f3}

![Device structure and performance of all-solution blue-light transparent polymer OLEDs with CsF-doped multilayer graphene as top cathode.\
(a) The device structure: ITO/HAT-CN/VB-FNPD/PVK:Firpic/PFN:CsF/multilayer graphene, (b) The current density versus voltage (J-V) curves of devices with (▪) 4-layer pristine graphene and (•) 4-layer CsF-doped graphene as cathode. The inset shows the schematic illustration of electron injection from pristine graphene or CsF-doped graphene. (c) The current density-voltage-luminance (J-V-L) curve of the transparent polymer OLEDs, (d) Luminance efficiency verse current density characteristics. The inset shows electroluminescence spectra of the blue-light transparent polymer OLEDs from graphene cathode side.](srep09693-f4){#f4}

![Photographs of all-solution blue-light transparent polymer OLEDs.\
The photographs show the device (a) before and (b) during operation with active size: 2 × 3 mm^2^. The inset shows the photograph of a working blue-light polymer OLED in front of a mirror, showing emission from both surfaces.](srep09693-f5){#f5}

###### The work function initially and after 2 months stored in glove box, of pristine, Cs~2~CO~3~-doped, and CsF-doped monolayer graphene

              Pristine   G:CsF    G:Cs~2~CO~3~
  ---------- ---------- -------- --------------
  Initial      4.2 eV    3.2 eV      3.3 eV
  2 months     4.2 eV    3.3 eV      3.4 eV
